We present results for the quasi-elastic weak production of Λ and Σ hyperons induced byν scattering off nuclei, in the kinematical region of interest for accelerator neutrino experiments. We employ realistic hole spectral functions and we describe the propagation of the hyperons in the nuclear medium by means of a Monte Carlo cascade. The latter strongly modifies the kinematics and the relative production rates of the hyperons, leading to a non-vanishing Σ + cross section, to a sizable enhancement of the Λ production and to a drastic reduction of the Σ 0 and Σ − distributions. We also compute the quasi-elastic weak Λc production cross section, paying special attention to estimate the uncertainties induced by the model dependence of the vacuum n → Λc weak matrix element. In this regard, the recent BESIII measurements of the branching ratios of Λc → Λl + ν l (l = e, µ) are used to benchmark the available theoretical predictions.
I. INTRODUCTION
In this work we analyze the quasi-elastic (QE) weak production of Λ and Σ hyperons induced byν scattering off nuclei. Electroweak charged-current can induce the production of strange particles through both the ∆S = 0 and ∆S = 1 channels, where S denotes the strangeness quantum number. We focus our analysis on ∆S = 1 processes, for initialν energies in the range E ν = 1 − 3 GeV, of interest for accelerator neutrino experiments. Although ∆S = 1 transitions are generally suppressed with respect to ∆S = 0 reactions by a factor tan θ C -θ C being the Cabibbo angle -in this energy region the latter is strongly reduced by the available phase space and the rates of two processes become comparable. To describe the propagation of hyperons in the nuclear medium we have devised a Monte Carlo cascade (MCC) algorithm. We treat the rescattering processes that the hyperon undergoes before exiting the nucleus in a classical way, using the experimental data for the hyperon-nucleon cross sections as an input.
Our analysis improves upon the pioneering work of Ref. [1] , where nuclear effects were for the first time included in the description of ∆S = 1 processes, although a simplified description of the initial nuclear target -the Local Fermi gas (LFG) model -was employed. In this work, we provide a realistic description of the nuclear structure, employing two distinct hole spectral functions (SFs) . We analyze the role of nuclear correlations in the nuclear ground-state and final state interactions (FSI) between the produced hyperon and the spectator nucleons, in double and single-differential, and total inclusivē ν l + 16 O cross sections in which Λ and Σ hyperons are produced. The dependence of these effects on the initial nuclear species is also discussed by comparing the results obtained for total cross sections in 12 C, 16 O, and 40 Ca. All these findings might have important implications in the analysis of SciBooNE [2] , MicroBooNE [3] , MINERvA [4] and ArgoNeuT [5] experiments once the data collected usingν beams become available. The BESIII Collaboration has recently reported on the absolute measurement of the branching ratios of Λ c → Λe + ν e [6] and Λ c → Λµ + ν µ [7] , which can serve as an important benchmark to compare various theoretical predictions. These decays have been studied within several relativistic and nonrelativistic constituent quark models (CQMs), which provide predictions for the transition form factors [8] [9] [10] [11] . Some of the groups have also presented results for the Λ c → N form factors [10, 12] . The first lattice QCD (LQCD) calculation of the Λ c → Λ and Λ c → N form factors reported in Refs. [13] and [14] , respectively, deserves special mention.
Capitalizing on these recent developments, in this work we also present realistic results for the weak Λ c production cross section in nuclei, providing estimates of the theoretical uncertainty of our predictions. We limit our analysis to relatively-low neutrino energies, close to threshold, and we assume that the QE mechanism, W + n b → Λ c where n b is a neutron bound in the nucleus, is the dominant one. To estimate the theoretical uncertainties related to the elementary amplitudes, we consider two different scenarios. In the first one, we relate the Λ c → Λ and Λ c → N form factors by a SU(3) rotation, neglecting the effects of SU(3) symmetry breaking. In the second one, we directly use Λ c → N form factors from theoretical calculations, whenever available.
The kinematical region of interest for neutrino experiments corresponds to q 2 = q 2 − (q 0 ) 2 ∈ (−5, 0) GeV 2 , where q and q 0 are the energy and momentum transfers of the scattering process. Since the semileptonic Λ c decay occurs for q 2 > 0, the analysis of the neutrino cross section requires an extrapolation of the form factors arXiv:1901.10192v1 [nucl-th] 29 Jan 2019 to negative q 2 , which is not expected to be completely free of uncertainties. Therefore, in our analysis, we select models that are capable to reproduce the measured B(Λ c → Λe + ν e ) branching ratio, and whose form factor parameterizations do not lead to pathological behaviors in the q 2 < 0 region. We use four different models for the Λ c → N form factors to compute the ν µ + 16 O → µ − Λ c X total cross section. Particular emphasis shall be devoted to the results obtained employing the analytical continuation of the LQCD calculations of Ref. [14] . The latter are supplemented by estimates of the theoretical uncertainties that we propagate throughout our calculations to the neutrino cross sections. A more conservative theoretical uncertainty is obtained from the spread of the predictions found when the different sets of CQM form factors are also considered.
Finally, we would like to point out that since the calculation of the total nuclear cross section and the semileptonic Λ c → Λ decay width are sensitive to different kinematical regions, and therefore presumably to different form factors, the combined study of the two processes allows to better elucidate the differences between models.
This work is organized as follows. In Sec. II, we provide the general expressions for hyperon production cross section in the vacuum and the definition of the form factors used to parameterize the weak matrix elements. In Subsec. II B 2, we outline the main features of the different schemes examined in the case of the N → Λ c transition. Our approach to account for SF and FSI nuclear effects is described in Sec. III, while the main results of this study are presented in Sec. IV. Finally, we collect the main conclusions of this work in Sec. V, while we provide further details on the Λ c → Λ, N form factors in the Appendix.
II. FORMALISM A. Cross section
The unpolarized differential cross section for thē
in which an antineutrinoν l scatters off a nucleon N , and in the final state the charged lepton l + and the hyperon Y are produced, is given in the laboratory frame by
In the above equation G F = 1.1664 × 10 −5 GeV −2 is the Fermi constant, θ C the Cabibbo angle (sin θ C = 0.225), p µ = (M, 0 ), with M the nucleon mass, q = k − k . The 1 In the case of Λc production, the reaction is obviously induced by neutrinos instead of antineutrinos. We will come back to this point below.
lepton and nucleon tensors read
with 0123 = +1, the metric g µν = (+, −, −, −), and is determined from the hadronic matrix element of the charged-current operator (we use spinors normalized as uu = 1),
where
and dimensionless axial and vector transition form factors, f i (q 2 ) and g i (q 2 ), describe the N → Y weak transition.
The integration over E k needed to obtain the angular cross section can be carried out exploiting the energyconserving delta function of Eq. (2)
where | k | depends on the lepton scattering angle θ through the energy conservation equation
and m l is the mass of the outgoing lepton. Neglecting m l , the expressions simplify to
with
The differential cross section for the neutrino
µσ by L ν µσ = Lν σµ and using the appropriate masses and form factors.
where τ = −q 2 /(4M ), M A = 1.05 GeV, and g A = 1.257. As for G p,n E and G p,n M we employ the dipole parametrization
with µ p = 1.7928, µ n = −1.9113, M V = 0.84 GeV and λ n = 5.6. Using SU(3) symmetry the form factors for the N → Y transitions are obtained from those introduced in Eq. (9) , and are listed in Table I .
N → Λc transition
The study of charmed baryon production in weak processes is still in its infancy; it involves nontrivial theoretical calculations and scarce experimental data are available. The CHORUS collaboration recently measured the ratio of the cross section for Λ c production in neutrino-nucleon charged-current (CC) interaction to the total charged-current cross section, σ(Λ c )/σ(CC) = (1.54 ± 0.35(stat) ± 0.18(syst)) × 10 −2 for a highly energetic neutrino beam, E ν = 27 GeV [15] . However, in this energy region no reliable theoretical predictions for the form factors are currently available.
Previous analyses on Λ c weak production in QE processes [16] do not seem to provide robust predictions for the total nuclear cross section. In fact, they rely on theoretical models for the N → Λ c form factors whose predictions, never confronted with experimental data, differ by an order of magnitude for E ν = 10 GeV. In this work, we compute the total cross section of Λ c weak production adopting form factors computed within four independent approaches: the CQMs of Refs. [8] , [9, 12] , and [10] , and LQCD simulation of Refs. [13, 14] . Their q 2 parameterizations, validated against the experimental data for the Λ c semileptonic decay reported by the BESIII Collaboration [6, 7] , can be extended to the q 2 < 0 region, relevant for neutrino scattering. The same strategy is not applicable to the form factors of Ref. [11] , as they have poles for q 2 < 0. As mentioned, the measurement of the Λ c → Λl + ν l (l = e, µ) decay width provides a constraint for theν l Λ c → Λ l + transition form factors. In the limit of unbroken SU(3) symmetry, the latter can be related to theν l Λ c → n l + form factors by performing a rotation in the SU(3) space -the resulting Clebsh-Gordan coefficient being 3/2 [12] . In the following, we briefly review the various approaches employed to compute the form factors, providing the explicit expressions.
The CQM form factors obtained within the nonrelativistic harmonic-oscillator basis (NRHOQM) approach of Ref. [8] are calculated with the parameters for the baryon wave functions derived in Ref. [17] . They are used to compute the Λ c → Λ semileptonic decay width, but not the Λ c → n transition. The calculated branch-ing fractions are Γ(Λ c → Λl + ν l )/Γ Λc = 3.84% and 3.72% for the electron and muon modes 2 , respectively. Though theoretical uncertainties were not provided, these predictions agree rather well with the experimental fractions, (3.63 ± 0.38 ± 0.20)% [e] and (3.49 ± 0.46 ± 0.27) [µ] measured by BESIII. In addition, in Ref. [8] semileptonic decays to excited Λ * resonances are calculated and leading order heavy-quark effective theory predictions are also derived, the latter being largely consistent with the quark-model form factors used in that work. Assuming SU(3) invariance, the form factors of the Λ c → Λ transition can be used to estimate the weak production of the Λ c charm hyperon off a neutron by multiplying them by the appropriate Clebsh-Gordan coefficient. The matrix elements of the vector and axial c → s currents are expressed in Ref. [8] in terms of the F 1,2,3 (q 2 ) and G 1,2,3 (q 2 ) form factors, which are related to those introduced in Eq. (5) by
where the 3/2 Clebsh-Gordan coefficient has been explicitly included to use these for the n → Λ c transition.
The NRHOQM form factors of Ref. [8] have the simple form
where m q = 0.2848 GeV, α 2 = (0.424
The coefficients A, B, and C can be found in Table II. A relativistic CQM (RCQM) with infrared confinement [18] [19] [20] is employed in Ref. [12] to perform a detailed analysis of the Λ c → nl + ν l invariant and helicity amplitudes, form factors, angular decay distributions, decay width, and asymmetry parameters. The same scheme 2 Γ Λc is the total decay width of the Λc hyperon. [8] . Note that the we have changed the sign of the B coefficient of the G2 form factor, with respect to that quoted in Table III of Ref. [8] . Only in this way, we could reproduce the form factor displayed in Fig. 4 (a) of this latter reference.
was later used [9] to predict the absolute branching fractions of Λ c → Λl + ν l , which turned out to be 2.78% and 2.69% for the electron and muon channels, respectively -no theoretical uncertainties are provided. These values are consistent with the lower limits of the data from the BESIII Collaboration [6, 7] . They also agree rather well with those (2.9 ± 0.5% and 2.7 ± 0.6%) quoted in the 2014 edition of the Review of Particle Physics [21] , obtained from the first model-independent measurement of the branching fraction of the Λ + c → pK − π + mode, reported in 2013 by the Belle Collaboration [22] . Within the RCQM, the q 2 behavior of the form factors is well represented by a double-pole parametrization of the form
For convenience, the parameters A, B, and C, taken form these references, are reported in Table III . [9, 12] . For each form factor, the upper (lower) value corresponds to the Λc → N (Λc → Λ) transition. Note that g2(q
, being the latter form factor calculated in [9, 12] .
The results reported in Ref. [10] were also obtained within a quark-model picture, improving previous pre-dictions [23] for the semileptonic decays of (4), obtained in the four-flavor symmetric limit. Some SU(4) symmetry-breaking corrections, calculated within the MIT bag model (MBM) [24, 25] and a nonrelativistic quark model (NRQM) [26] , are included. The main difference between MBM and NRQM lies in how the initial and final baryon overlap integrations are accounted for: they are limited to the bag space in MBM while in the NRQM they are not. The MBM is expected to be more realistic than the NRQM at the price of introducing additional parameters, such as the bag radius and the masses of the quarks in the bag. Additional corrections to the NRQM and MBM predictions, such as the hard-gluon QCD contributions [10] , are also encompassed. Both the monopole and the dipole q 2 dependencies of the form factors have been employed within the MBM and the NRQM. For simplicity we only consider the latter, since monopole form factors overestimate the experimental Λ c → Λe + ν e branching ratio. Dipole form factors provide reasonable estimates for this observable: 3.2% and 3.9% for the MBM and the NRQM, respectively. They have the general form
where the values of A and M R are listed in Table IV . (14) to construct the weak Λc production form factors for the MBM and NRQM models of Refs. [10, 23] . For each form factor, the upper (lower) value corresponds to the Λc → N (Λc → Λ) transition. The values of the form factors at q 2 = 0 are taken from [10] , and contain some SU(4) breaking corrections, while the pole masses collected in the table are taken from [23] . Note that g2(q
, being the latter form factors calculated in [10] .
Recently, the first LQCD results for both Λ c → N and Λ c → Λ form factors have become available [13, 14] . These works are based on gauge field configurations generated by the RBC and UKQCD collaborations [27, 28] with 2+1 flavors of dynamical domainwall fermions, for lattice spacings a ≈ 0.11 fm and 0.085 fm and pion masses in the range 230 MeV ≤ m π ≤ 350 MeV, although in Ref. [13] an additional ensemble with m π = 139(2) MeV was also considered. The form factors are extrapolated to the continuum limit and to the physical pion mass employing a modified z−expansions [29] . Taking the Cabibbo-KobayashiMaskawa matrix element |V cs | from a unitarity global fit and the Λ c lifetime from experiments, branching fractions B(Λ c → Λe + ν e ) = (3.80 ± 0.19 ± 0.11) % and B(Λ c → Λµ + ν µ ) = (3.69 ± 0.19 ± 0.11) % were found in [13] , consistent with, and twice more precise than, the BESIII measurements. The LQCD weak transition matrix elements are parameterized in terms of the f ⊥, + (q 2 ) and g ⊥, + (q 2 ) form factors, which are related to those defined in Eqs. (4) and (5) for the Λ c weak production in the following way 3 :
, and M 1 is either M or M Λ , depending on the Λ c weak transition considered. The q 2 behavior is parameterized as
.494 GeV and M π = 0.135 GeV and the A, B, C and M R coefficients are taken from the nominal fits carried out in Refs. [13, 14] , providing the central values and statistical uncertainties of the form factors. We list all these parameters in Table V. The semileptonic branching ratios BR(Λ c → Λe 
Form factors for the n → Λc transition deduced from extrapolating to Q 2 = −q 2 > 0 the results reported in Refs. [14] (LQCD), [12] (RCQM) and [10] (MBM and NRQM). with the BESIII measurement. The predictions range from the 2.78% of the RCQM [12] , to the 3.9% obtained within the NRQM scheme [10] , corresponding to a 30% variation. Hence, one should expect a similar spread among the predictions for the total ν l + n → Λ + c + l − cross section. However, the theoretical uncertainty on the latter observables could be even larger for the following reasons. (i) Experimental measurements effectively constraint the Λ c → Λ form factors, while we are interested in the n → Λ c transition. The form factors for Λ c → Λ and n → Λ c transitions may be related by an SU(3) rotation but, because of SU(3) breaking effects, these are subject to additional corrections. In this regard, one has to note that for most of the models we have also access to direct predictions for the c → d transition form factors.
(ii) The form factors have been fitted to the experimental decay width in the range 0 ≤ q 2 ≤ (M Λc −M Λ ) 2 , while Λ c neutrino production is characterized by q 2 < 0. The extrapolation of the form factors to moderately large negative q 2 values, corresponding to medium-energy neutrino beams, entails a certain degree of ambiguity. In order to quantify the uncertainty of this procedure, we consider five different sets of form factors characterized by a variety of q 2 dependencies. (iii) The Λ c → Λe + ν e decay is mostly sensitive to the axial g 1 (q 2 ) form factor, which dominates the total width. On the other hand, both f 1 (q 2 ) and g 1 (q 2 ) are important in the ν l + n → Λ + c + l − process. Thus, the f 1 (q 2 ) form factor, being less con-strained by the experiment, may introduce an additional error to the cross-section prediction.
To evaluate the ν l + n → Λ + c + l − cross section for the LQCD [13, 14] , the RCQM of Refs. [9, 12] and the MBM & NRQM [10] schemes, we pursue two different avenues. The first one corresponds to the unbroken SU(3) limit, in which we take the Λ c → Λ form factors and use the 3/2 Clebsh-Gordan coefficient to compute the Λ c production off the neutron. In the second one, we directly apply the Λ c → N form factors reported in these references. As for the NRHOQM of Ref. [8] , the only available parametrization, obtained from the SU(3) rotation, will be employed.
In Fig. 1 , we show the form factors for the N → Λ c transition, for Q 2 = −q 2 > 0, corresponding to the kinematics of neutrino production. As we mentioned, the main contribution to the cross section and to the decay width is driven by f 1 (Q 2 ) and g 1 (Q 2 ). LQCD predicts the largest values for these two form factors, while the MBM and NRQM models provide the far lowest ones for f 1 (Q 2 ) and, at high Q 2 , for g 1 (Q 2 ). Note that the LQCD and RCQM form factors exhibit similar Q 2 dependencies, except for f 2 , being the f 1 and g 1 from RCQM form factors ∼ 30% smaller than those computed within LQCD. Analogous behaviors are observed for the Λ c → Λ form factors, discussed in detail in the Appendix, where further comparisons among the various approaches are provided.
As a final remark, analogously to the case of Λ and Σ production, the f 3 and g 3 form factors have been neglected in the cross-section calculations, as they are suppressed by a factor m 2 /M 2 .
III. NUCLEAR EFFECTS
In this Section we generalize the discussion of Sec. II A to the case in which theν beam scatters off a nucleus with A nucleons producing a hadronic final state comprised of a hyperon Y and an (A − 1)-nucleon residual system. In the kinematical region in which the impulse approximation is expected to be applicable, the nuclear matrix element can be still expressed as in Eqs. (4) and (5), provided that the elementary interactions occur on single bound nucleons. In what follows, we will restrict the discussion to isospin-symmetric nuclei, for which we assume the neutron and proton densities to coincide. Within this scheme, the double-differential cross section is evaluated as in Eq. (1), but the hadron tensor is obtained from the convolution of the hole SF and the spin averaged squared amplitude of the hadron matrix element, A µν , reported in Eq. (3)
We note that the hole SF, S h (E, p ), yields the probability density of finding a nucleon in the target nucleus with a given momentum p and removal energy E.
A. Nucleon spectral function
In Ref. [1] , the local Fermi gas (LFG) model was adopted to describe nuclear dynamics. This amounts to rewriting the hole SF as
where k F (r) = (3π 2 ρ(r)/2) 1/3 is the Fermi momentum and ρ(r) is the total point-nucleon density distribution (protons plus neutrons).
It has long been known that models based on an independent-particle description of the nuclear structure largely fail to account for the complexity of nucleon correlations in nuclei. In this work, we improved the model of Ref. [1] by considering two different realistic hole SFs: a semi-phenomenological one from the Valencia group (further referred to as LDA-SF) based on the findings of Ref. [30] , and a second one obtained within the Correlated Basis Function (CBF) theory. For a detailed description of both models we refer to Ref. [31] . In that work, the differences between the two SFs were analyzed by comparing the electromagnetic scaling functions of 12 C, and an overall good agreement was found in all the kinematical setups considered.
In analogy to Eq. (18), the LDA-SF of finite nuclei is obtained through the local density approximation (LDA) procedure. The infinite nuclear matter hole SF derived in [30] , denoted by S LDA h,NM (E, p, ρ), is calculated for different values of the nuclear density and integrated over the density profile of the nucleus
However, when computing the cross section, the integration over the nuclear volume is carried out for the full hadron tensor [32, 33] 
Note that the same procedure is followed within the LFG model adopted in Ref. [1] , and associated to Eq. (18) . Within the CBF approach [34, 35] , the hole SF of finite nuclei entering Eq. (17) is given by the sum of two contributions
The first term is associated to the low momentum and removal-energy region. It is derived within a modified mean field (MF) scheme in which correlations are included through quenched spectroscopic factors, extracted from (e, e p) scattering measurements. The LDA is only adopted to determine S corr h (E, p ), corresponding to the high-energy and momentum region of the SF, which is largely unaffected by finite-size and shell effects, as it essentially arises from short-range nuclear dynamics.
B. Final state interaction for hyperons
The hole SF accounts for the complexity of nuclear interactions pertaining to the nucleon in the initial nuclear target. However, in the kinematical region in which the interactions between the struck particle and the spectator system cannot be neglected, the impulse-approximation results have to be corrected. In more standard electronand neutrino-nucleus scattering calculations, where the struck particle is either a proton or a neutron, this is achieved by means of the particle SF [33, 36] . Within the CBF theory, the real part of a phenomenological optical potential [37] is used to modify the energy spectrum of the outgoing nucleon. In addition, a convolution scheme that uses as input the nuclear transparency and nucleonnucleon scattering amplitudes is adopted to redistribute the strength from the QE peak to the higher-energy regions. On the other hand, within the Valencia model, the particle SF is consistently obtained with the hole SF, although relativistic corrections can be included in the former.
In this work, the interactions between the outgoing hyperon and the A − 1 nucleons are described simply employing a phenomenological MF potential, to modify the hyperon energy spectrum asẼ 
The hyperon produced in the primary vertex travels through the nuclear environment, interacting with nucleons and exchanging momentum and possibly producing a different hyperon. Although a quantum-mechanical description of the scattering processes would be more appropriate, here we use a Monte Carlo algorithm analogous to that presented in Ref. [1] , using as input the available measurements of hyperon-nucleon scattering cross sections. This amounts to treating collisions in a classical fashion, as in most of the available neutrino event generators [39] [40] [41] .
According to the total initial cross sections for Σ 0 , Σ − and Λ production, we select the type of hyperon produced in the primary interaction vertex. Then, for this particular hyperon, we compute the differential cross
, for the LDA-SF or the CBF-SF cases, respectively 4 . These are the weights of the events that are taken as input in the MCC.
According
sufficiently large to safely take ρ p(n) (r max ) = 0.) Since the elementary cross section obtained using the CBF-SF does not depend upon r, we generate r 1 according to the density profile of the nucleus. When using the LDA-SF in the calculation of the cross section, we perform the integration over the initial nucleon momentum beforehand, as in Ref. [1] . In this case, we assume that the momentum of the hyperon produced at the interaction vertex is p Y1 = q + p gen , where p gen is a randomly generated three-vector below the local Fermi sea (| p gen | ≤ k F (r)). On the other hand, the CBF-SF allows one to consistently generate the momentum modulus of the struck nucleon on an event-by-event basis and to include it in the definition of p Y1 , choosing randomly an angle between p and q using a ]0, π] flat distribution. In both approaches, we assume that this initial hyperon is on-shell, and its energy is given by E Y1 = M 2 Y1 + p 2 Y1 . We simulate the hyperon propagation from the interaction vertex until it exits the nucleus by iterating the following steps [1]:
1. Assuming that the hyperon kinetic energy is significantly larger than V (ρ), we propagate it by a short distance dl = p Y1 /E Y1 dt, dt being a small time interval, along its momentum direction. We then randomly select a nucleon from below the Fermi sea, | p 1 | < k F , and compute the invariant energy E inv of the Y 1 + N 1 system. We evaluate the interaction probability per unit length for the various scattering processes permitted by charge conservation
For a given channel i, this is given by
where the total cross sections σ [Y N →Y N ] (E inv ), extracted from the available experimental data, are compiled in the Appendix of Ref. [1] . The probability that the interaction has occurred is P = i P i dl. Note that dt has to be small enough so that Pdl 1. A random number x ∈ [0, 1] is generated. If x > i P i dl the interaction has taken place and we proceed to the next step; otherwise we skip it and go to step 3.
2. We select the interaction channel according to their respective probabilities (cross sections). We generate a random angle for the production of the outgoing (N i , Y i ) pair in the center-of-mass of N 1 + Y 1 system. We boost back to the laboratory frame and we implement Pauli blocking by checking that the momentum of the final nucleon is larger than k F (r). If this condition is satisfied, we have a new hyperon (possibly of different type) propagating with a new direction and momentum. If not, the interaction did not occur and the hyperon properties remain unchanged.
The new position of the hyperon is r
If no interaction has occurred, in this point of the nucleus, the three-momentum and type of hyperon correspond to those of the initial hyperon Y 1 . Otherwise, they correspond to those of the outgoing hyperon Y i after the collision.
If the hyperon's kinetic energy is smaller than 30
MeV, we stop the propagation and assume that the hyperon has exited the nucleus without any further interaction. We recall here that the MC code does not include the effects of the real part of the hyperon optical potentials and that straight-line trajectories are always assumed. Quantum effects, neglected in the cascade approach, are expected to become especially important at low energies.
IV. RESULTS

A. Strange hyperon production
Let us first focus on the role played by the SFs in the description of the hyperons production. The doubledifferential cross section d 2 σ/(d cos θ dq 0 ) of the process ν µ + 16 O→ Λ+µ + +X is shown in Fig. 2 for different models of the hole SF, and two fixed outgoing lepton scattering angles. Note that the MCC has not been employed to obtain these results. We observe an overall good agreement between the LDA-SF and the CBF-SF results. As expected, in both cases the hyperon mean-field potential produces a shift of ∼ 30 MeV in the position of the QE peak, also leading to an enhancement of its height. The LFG calculations, represented by the blue dashed lines, have been carried out assuming a free energy spectrum for both the initial nucleon and the hyperon, as in 
0 ) for Eν = 1 GeV and two fixed antimuon scattering angles, θ = 20
• and θ = 70
• , showed in the top and bottom panels, respectively. The blue dashed, green dotdashed and orange short dashed lines correspond to the LFG, CBF-SF and LDA-SF calculations, respectively. The red solid and black dotted curves stand for the LDA-SF and CBF-SF cross sections, when a mean-field potential is included in the energy spectrum of the hyperon. All the results have been obtained without employing the MCC.
Ref. [1] . The comparison with the other curves, in which a more realistic description of the nuclear dynamics is adopted, reveals that nuclear correlations sizably affect the inclusive cross sections. In particular, nuclear correlations in the initial state reduced the height of the QE peak, redistributing the strength to the higher energytransfer. These effects are more apparent for θ = 20
• than for θ = 70
• , being the cross section much bigger (between one to two orders of magnitude) for the lower scattering angle. The q 0 values relevant for the QE cross section increase with θ , and thus one should expect the 
2 cross sections, per number of target protons or neutrons, for Λ, Σ − , Σ 0 , and Σ + production in oxygen and Eν = 1 GeV. For each type of hyperon, we show results from the LFG, CBF-SF and LDA-SF approaches, which are depicted as blue dashed, black dotted and red solid lines, respectively. The MCC and NO MCC labels denote whether the nuclear cascade algorithm has been applied or not.
largest cross sections for relatively small outgoing lepton scattering angles, where the effects of initial-state nuclear correlations are more important.
The differential cross sections, dσ/dQ 2 , for Λ, Σ − , Σ 0 and Σ + production from oxygen are shown in Fig. 3 , for an incoming muon antineutrino energy of 1 GeV and the LFG, LDA-SF and CBF-SF approaches. We compare the results obtained either applying or not applying the MCC, the corresponding curve labelled as "MCC", or "NO MCC", respectively. Nucleon-nucleon correlations, encoded in the realistic hole SFs, quench the cross sections in all the hyperon-production channels. However, their impact is far less dramatic than for the doubledifferential cross sections of Fig. 2 . Considerably more relevant are the effects of the MCC. They strongly modify the initial calculation leading to a non-zero Σ + cross section, to a sizable enhancement of the Λ production and to a drastic reduction -more than 50% -of the Σ 0 and Σ − distributions. This can be qualitatively understood by analyzing the kinematics of these processes. While traveling through the nucleus, the hyperons dissipate their kinetic energy in the scattering processes. The Σ hyperons are heavier than the Λ baryon, hence their production in the nuclear cascade is generally suppressed. In particular, for low energies the Λ → Σ process is kinematically forbidden. Therefore, for low-energy hyperons, the Σ → Λ processes dominate. On the other hand, Σ + hyperons can be produced only in secondary collisions.
In Fig. 4 , we display the Λ and Σ hyperon kineticenergy distributions obtained using the LFG and the CBF-SF models. Similar results can be obtained using the LDA-SF. channel. Note, however, that our results are not much reliable in this region. Lastly, the Σ + production becomes non vanishing because of the secondary collisions accounted for the MCC. The LFG distributions displayed in Fig. 4 should be directly comparable to those shown in the left panels of Fig. 3 of Ref. [1] . While the NO MCC results nicely agree, we see that the effects of the MCC computed in this latter reference turn out to be much smaller and not as visible as those found in the present work. We have verified that this discrepancy has to be ascribed to a wrong implementation in Ref. [1] of the Pauli blocking of the outgoing nucleons produced in secondary collisions, leading to an important reduction of the number of interactions experienced by the knockedout hyperons.
In [GeV] 
Σ
0 and Σ + production on oxygen. Consistently with the results of Fig. 3 , there are small deviations among the curves referring to LDA-SF and CBF-SF results, which in general agree reasonably well. On the other hand, the application of the MCC noticeably modifies the theoretical predictions for all the hyperon channels; these effects being larger than those associated to the use of realistic hole SFs in place of the LFG model for the initial nuclear state. In absence of the MCC, the production rates of Σ − and Σ 0 are related by a SU(3) rotation. The associated Clebsh-Gordan coefficient, √ 2, leads to twice as large cross section for Σ − as for Σ 0 . However, the corrections induced by the MCC alter this relation, and the reduction of the Σ − is about 20% stronger than for Σ 0 .
It is interesting to understand how the role played by the MCC depends upon the size of the nucleus. In this regard, in Fig. 6 we compare the total cross sections for Λ and Σ − production on 12 C, 16 O and 40 Ca, obtained using the LDA-SF. To make the comparison more transparent, for each nucleus we divided the total cross section by the corresponding number of active nucleons. While the 16 
O and
12 C results are almost indistinguishable, there is around 10% difference with those obtained for 40 Ca. This is likely to be ascribed to the longer path that the hyperons have to travel before exiting the nucleus, implying a larger number of re-scattering processes. the large theoretical uncertainties of these form factors in the free space affect the predictions for the cross section of the Λ c production in nuclei. For simplicity, in this analysis, nuclear dynamical correlations in the initial state and hyperon FSI have been neglected altogether. Hence, we employ a simple LFG model to describe the initial nuclear target, we assume a free energy spectrum for the struck particle, and we do not employ the MCC. As for the latter, it has to be mentioned that there is no available experimental information on the Λ c mean free path in a nuclear environment, and the theoretical predictions for the interactions of the Λ c with nucleons and other charmed baryons suffer from severe uncertainties. The energy distributions of the incoming neutrino fluxes of MINERvA [42] and DUNE [43] experiments peak at E ν 3 GeV and E ν 5 GeV, respectively. In Fig. 7 we present the differential cross section dσ/dq 2 for the ν µ + 16 O → µ − + Λ c + X reaction, computed employing the RCQM form factors of Ref. [12] , for incoming neutrino energies of up to 5 GeV. The maximum values of Q 2 reached in the production mechanism are 1.5 GeV 2 and 5 GeV 2 , for E ν = 3 GeV and E ν = 5 GeV, respectively. However, the bulk of to the total cross section stems for Q 2 below 0.5 GeV 2 and 2 GeV 2 , for neutrino energies corresponding to the peaks of the MINERvA and DUNE fluxes, respectively. These relatively low values of Q 2 justify the use of form factors fitted to the Λ c → Λ semileptonic decay, corresponding to Q 2 ∈ [−1.36, 0] GeV 2 . However, extrapolating the form factors to moderately large positive Q 2 augment the theoretical uncertainty in our cross-section predictions. To estimate them, we have considered the five sets of form factors reviewed in Sec. II B 2, characterized by the different q 2 dependencies displayed in Fig. 1 .
As for the LQCD [14] , the RCQM [12] , and NRQM [10] approaches 5 , in addition to the Λ c → N form factors, we have also used those associated to the Λ c → Λ transition, assuming unbroken SU(3) symmetry, and multiplying the matrix element by the appropriate Clebsh-Gordan coefficient ( 3/2). When employing the latter form factors, the predicted ν µ + 16 O → µ − +Λ c +X cross sections turn out to be around 10 − 30% higher than those obtained from the direct weak N → Λ c matrix element -see the left panel of Fig. 8 -the smallest differences corresponding to the LQCD form factors. As for the NRHOQM of Ref. [8] , the results of Fig. 8 have been obtained from the Λ c → Λ form factors assuming SU(3) symmetry, although it might well be that this procedure overestimates the cross section. The 68% CL uncertainty bands pertaining to the LQCD predictions are propagated from the errors and the covariance matrices of the fit parameters listed in Refs. [13, 14] . These theoretical uncertainties grow with the neutrino energy, and become as large as ∼ 20% for E ν = 5 GeV.
There are sizable discrepancies in the ν µ + 16 O → µ − + Λ c + X cross sections corresponding to the various form factors, despite that all of them are constrained by the experimental Λ c → Λe [GeV] [GeV]
Total cross section, per number of neutrons, for the νµ
, as a function of the incoming neutrino energy. The LFG model for the initial nuclear state is adopted and no FSI for the Λc are accounted for. In the left panel the curves represent the set of weak transition form factors analyzed in the text: LQCD [13, 14] , NRHOQM [8] , NRQM [10] , and RCQM [9, 12] . The curves labeled as SU (3) represent the results attained multiplying the Λc → Λ form factors by the appropriate Clebsh-Gordan coefficient. The 68% CL bands for the LQCD predictions are obtained from the Gaussian covariance matrices of Refs. [13, 14] . In the right panel, we display results corresponding to the direct calculations of the Λc → N form factors, the only exception being the SU(3) NRHOQM predictions for which they are not available. The "RCQM ×1.4" curve represents the results of Ref. [12] rescaled by a factor 1.4, as inferred from the discussion on the Λc → Λe + νe reported in the Appendix.
son for this behavior is twofold. On the one side, the form factors exhibit major differences in their Q 2 dependence. For instance, those from the NRHOQM [8] are suppressed with increasing Q 2 , leading to reduced cross sections, when compared to other approaches -see the detailed discussion of Figs. 9 and 10 in the Appendix. On the other side, the relative importance of the vector and axial terms of the current to the decay width turns out to be strongly model dependent. The vector contribution amounts to only ∼ 10% of the total Λ c → Λ semileptonic width for the NRQM, it becomes around 30% for the NRHOQM and RCQM, and it is about ∼ 34% in the case of the LQCD approach. The vector form factors, f 1 in particular, play a more important role in the determination of the Λ c neutrino-production cross section. Hence, it is not surprising that NRQM model, predicting a relatively small vector form factors, leads to the lowest cross-section estimates.
In the right panel of Fig. 8 , we display the cross sections corresponding to the direct calculations of the Λ c → N form factors within the different approaches. The NRHOQM predictions, for which this option is not available, are rescaled assuming SU(3) symmetry. We also, show the results of RCQM of Ref. [12] , rescaled by a factor 1.4, as inferred from the discussion on the Λ c → Λe + ν e total and differential widths carried out and represented in Fig. 9 of the Appendix. This factor amounts for the difference in the total semileptonic decay width between the RCQM and the LQCD predictions reported in Refs. [9] and [13] , respectively. Note that both approaches provide similar Q 2 dependencies of the leading form factors, f 1 and g 1 , not only in the semileptonic decay phase-space, but also for the positive Q 2 −values, relevant for the neutrino-production reaction -see the discussions of Figs. 1 of Subsec. II B 2 and 10 of the Appendix.
The total ν µ + 16 O → µ − + Λ c + X cross section can be reasonably estimated to lie between the LQCD and the rescaled RCQM predictions. This range also accommodates the SU(3) NRHOQM results, and it leads to theoretical uncertainties below 30% up to E ν ∼ 3.5 GeV. For neutrino energies corresponding to the peaks of the MINERvA and DUNE fluxes, we thus estimate the total cross sections to be σ(E ν = 3 GeV)/N = (0.9
and σ(E ν = 5 GeV)/N = (4.5
The central value is the average between the LQCD and the rescaled RCQM results, while the errors account for the difference of these two sets of results, taking into account the upper limit of the LQCD uncertainty band. Taking a somewhat less conservative perspective, if the LQCD predictions are assumed to be sufficiently reliable, the corresponding estimates for the cross sections can be readily inferred the plots. Nevertheless, one should also bear in mind that Λ c FSI effects have not been considered in this preliminary analysis. Although their role is expected to be less relevant than for strange hyperons, they will have some impact in the production rate of Λ c baryons.
V. CONCLUSIONS
We have studied the weak production of Λ and Σ hyperons induced byν µ scattering off nuclei, carefully considering the effects of nuclear dynamics. To describe correlations in the initial nuclear target, we employed hole SFs obtained within two many-body methods, both successfully applied to study electroweak reactions in nuclei. The propagation of the hyperons in the nuclear medium is tackled by a MCC algorithm, which treats the rescattering processes in a classical fashion. For this reason, the MCC does not modify the inclusive (ν l , l + Y ) cross sections, if the sum for Y = Λ, Σ 0 and Σ ± is considered. On the other hand, when more exclusive processes are analyzed, such as the production rates, the energies, and the angular distributions of the specific hyperons' species, the MCC plays a major role. For instance, although the Σ + hyperon is not produced in the interaction vertex, because of secondary collisions its production rate in the scattering process does not vanish. Of course, when all the possible channels are summed, the inclusive cross section is recovered.
We find that our calculations carried out employing semi-phenomenological LDA-SF [30] and the CBF-SF [34, 35] nicely agree, providing robust estimates of the importance of dynamical correlations in the initial nuclear state, neglected in the pioneering work of Ref. [1] , based on the LFG model. We show how the inclusive double-differential d 2 σ/(d cos θ dq 0 ) distributions are significantly affected, as the correlations encoded in the hole-SFs bring about a reduction of the height of the QE peak and a redistribution of the strength to higher energy-transfers regions. In the case of the differential cross section dσ/dq 2 and the total one, the effects of considering realistic hole-SFs are not as important as in the d 2 σ/(d cos θ dq 0 ) case and are less relevant than those produced by the FSI of the hyperon. The MCC strongly modifies the impulse-approximation results for the exclusive processes, leading to a non-zero Σ + cross section, to a sizable enhancement of the Λ production and to a drastic reduction of the Σ 0 and Σ − distributions. It has to be mentioned that the MCC effects found in this work are much larger and more visible than those reported in Ref. [1] . This is due to an incorrect implementation of the Pauli blocking of the outgoing nucleons produced in secondary collisions in the latter work, that led to an important reduction of the number of secondary collisions experienced by the hyperons during their path through the nucleus.
Motivated by the recent BESIII measurements of the branching ratios of Λ c → Λl + ν l (l = e, µ) decays and by the CHORUS results for the ratio of the cross section for Λ c production in neutrino-nucleon (CC) scattering, we computed the QE weak Λ c production cross section on nuclei. We have paid special attention to estimate the impact of the n → Λ c matrix-element theoretical uncertainties. To this aim, we employed form factors computed within different approaches ranging from the LQCD calculations of Ref. [14] to state-of-the-art nonrelativistic and relativistic quark models of Refs. [8] [9] [10] 12] . We find significant variations in the predictions from the different schemes adopted to compute the relevant form factors, despite the fact that all of them are constrained by the experimental Λ c → Λe + ν e decay width. This is a direct consequence of the unavoidable ambiguities induced by extrapolating the form factors from the q 2 region relevant for the Λ c decay to the kinematics relevant to the Λ c production. The theoretical uncertainties are estimated to be below 30% for E ν 3.5 GeV. For the neutrino energies corresponding to the peaks of the MINERvA and DUNE fluxes, we predict the cross sections -normalized to the number of neutrons -to be σ(E ν = 3 GeV)/N = (0.9 Λc → Λe + νe differential decay width from NRHOQM [8] , RCQM [9] , MBM and NRQM [10] , CQM approaches, and the LQCD simulation of Ref. [13] .
The differential widths dΓ(Λ c → Λe + ν e )/dq 2 are shown in Fig. 9 for all the approaches used to compute the Λ → Λ c form factors. LQCD, NRHOQM and MBM provide similar distributions, while the NRQM yields significantly different shape, the strength being shifted towards higher values of q 2 . Note however, that no major differences in the total width are observed. As discussed in Subsec. II B 2, the RCQM predicts the lowest branching ratio, about ∼ 40% smaller than the LQCD result reported in Ref. [13] . However, once the RCQM differential distribution [9] is rescaled by a factor 1.4, the shape of dΓ/dq 2 turns out to be very close to the LQCD one.
The main contribution to the total width (∼ 65% in most of the models) comes from the axial form factor g 1 (Q 2 ), while the rest of the strength is driven by f 1 (Q 2 ) -there is no axial-vector interference contributing to dΓ/dq 2 . Because of the kinematical reasons, the ratio of the vector to axial parts is different for the ν µ + n → µ − + Λ c reaction, with f 1 (Q 2 ) playing a more important role. Because both f 1 and g 1 dominate the total cross section, it is interesting to pay some further attention to their behavior, when extrapolating them to the region of Q 2 relevant for neutrino scattering. The Q 2 dependence of the Λ c → Λ form factors is displayed in Fig. 10 . They are multiplied by the factor 3/2, as dictated by the SU(3) symmetry to get the c → d matrix elements from the c → s ones. Besides the phasespace available in the semileptonic decay, corresponding to Q 2 < 0, we also show the behavior of the form factors in the Q 2 > 0 region accessible in Λ c neutrinoproduction reactions. It is interesting to compare the LQCD, RCQM, NRQM and MBM form factors of Fig. 10 with those shown in Fig. 1 , the latter being computed employing the appropriate Λ c → N form factors. Such comparison helps estimating the size of SU(3)-breaking contributions, complementing the discussion on integrated
BR(Λ c → Λe
+ ν e ) that we alluded to earlier. Focusing on f 1 and g 1 , these SU(3)-breaking effects are more apparent in the vicinity of Q 2 = 0, while they are less important as Q 2 increases, becoming moderately small for Q 2 = 5 GeV 2 . Fig. 10 shows that the LQCD and RCQM calculations for f 1 (Q 2 ), f 2 (Q 2 ) and g 1 (Q 2 ) exhibit a similar Q 2 dependence, while their predictions for g 2 (Q 2 ) are quite different. Note, however, that this is not much relevant for the neutrino-induced Λ c production, since the g 2 contributions for this process are negligible. As for the absolute size, both approaches predict almost the same f 2 (Q 2 ), but the RCQM results for f 1 (Q 2 ) and g 1 (Q 2 ) at Q 2 < 0 are ∼ 20% smaller than those of LQCD. This discrepancy is more significant in the region of large Q 2 , relevant for scattering processes. This latter behavior is less visible in the Λ c → N transition form factors shown in Fig. 1 , where the LQCD and RCQM shapes of f 1 and g 1 turn out to be remarkably similar for the entire range of Q 2 , translating into the comparable dΓ/dq 2 shapes of Fig. 9 .
We should also note that the Q 2 dependencies of the NRHOQM form factors are significantly different than those of the other models considered in this work. By only looking at the dΓ/dq 2 shape in Fig. 9 , one might expect that the NRHOQM and the LQCD predictions for the neutrino-induced Λ c production to be similar. However, this is not the case, as shown in Fig. 8 , where the NRHOQM results lie well below those from LQCD. This is because f 1 and g 1 computed within the NRHOQM becomes smaller with increasing Q 2 much more rapidly than in any of the other models. of the RCQM than in the case of the Λ c → N transition shown in Fig.1 .
